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Abstract

Nanotechnology involves technology, science, and engineering in dimensions less than 100 nm. A
virtually infinite number of potential nanoscale products can be produced from many different
molecules and their combinations. The exponentially increasing number of nanoscale products
will solve critical needs in engineering, science, and medicine. However, the virtually infinite
number of potential nanotechnology products is a challenge for toxicologic pathologists. Because
of their size, nanoparticulates can have therapeutic and toxic effects distinct from micron-sized
particulates of the same composition. In the nanoscale, distinct intercellular and intracellular
translocation pathways may provide a different distribution than that obtained by micron-sized
particulates. Nanoparticulates interact with subcellular structures including microtubules, actin
filaments, centrosomes, and chromatin; interactions that may be facilitated in the nanoscale.
Features that distinguish nanoparticulates from fine particulates include increased surface area per
unit mass and quantum effects. In addition, some nanotechnology products, including the
fullerenes, have a novel and reactive surface. Augmented microscopic procedures including
enhanced dark-field imaging, immunofluorescence, field-emission scanning electron microscopy,
transmission electron microscopy, and confocal microscopy are useful when evaluating
nanoparticulate toxicologic pathology. Thus, the pathology assessment is facilitated by
understanding the unique features at the nanoscale and the tools that can assist in evaluating
nanotoxicology studies.
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Introduction

Nanotechnology is defined by the National Nanotechnology Initiative as “the understanding
and control of matter at dimensions between approximately 1 and 100 nm, where unique
phenomena enable novel applications” (National Science and Technology Council
Committee on Technology Subcommittee on Nanoscale Science Engineering and
Technology 2011). This definition provides a useful and generally accepted framework for
discussing the potential health effects of the products of nanotechnology. However, the
definition of nanotechnology and the products of nanotechnology have potential regulatory
significance and some of the specifics can become quite controversial. For example, the
definition of the term nanomaterial resulted in a 46-page opinion paper (SCENIHR:
Scientific Committee on Emerging and Newly Identified Health Risks 8 December 2010).
There has even been controversy over the definition of the terms nanoparticle and
nanoparticulate and how many dimensions must be less than 100 nm to meet some
definitions (SCENIHR. 29 November 2007). For nanoscale products of nanotechnology
with one or more dimensions less than 100 nm, we have sometimes used the term
nanoparticulates (NPs) in part to avoid the controversy regarding the term nanoparticle and
in part because occupational exposures to novel nanoscale materials were originally
regulated as “particulates not otherwise regulated” or PNOR (OSHA 2006). Irrespective of
semantics, nanotechnology and the products of nanotechnology are usually defined by size
and not by chemical composition. Products of nanotechnology can also have more than one
chemical component. This means that the number of potential nanotechnology products is
virtually infinite. In addition, the study of nanotoxicology includes the study of a diverse
group of particulates with at least one dimension in the scale of 1 to 100 nm (Figure 1).
Many of these particulates are not engineered NPs. However, studies investigating the
influence of nanoscale dimensions on toxicity do not always require engineered NPs.

Publications and products in the field of nanotechnology are rapidly increasing.
Nanotechnology is largely the result of major scientific breakthroughs in the 1980s and
1990s that enabled chemical synthesis from the atom up and facilitated three-dimensional
engineering in the nanoscale (Brauman 1991; Chen and Seeman 1991; Ebbesen and Ajayan
1992; Ghadiri et al. 1993; Haufler et al. 1990; lijima 1991; lijima and Ichihashi 1993; Kroto
et al. 1985; Li and Mcgown 1994; Whitesides, Mathias, and Seto 1991). An exponential
increase in nanotechnology publications began around the turn of the century. A PubMed
search for papers published in the year 2000 using the search term nanotechnology
recovered 51 publications; a search using the term nanomedicine recovered 2 publications,
and a search using the term nanotoxicology did not recover a single publication. In contrast,
a PubMed search of papers published in the year 2011 using the search term nanotechnology
recovered 6,369 publications; a search using the term nanomedicine recovered 953
publications, a search using the term nanotoxicology recovered 214 references, a search of
nanotoxicology and lung recovered 35 publications, but a search of nanotoxicology and
pathology recovered only 17 publications in 2011. These searches demonstrate the massive
increase in the scientific investigation of nanotechnology as well as the paucity of
information regarding the safety of nanotechnology products, particularly the potential
toxicity to tissues other than lung. Nanotoxicology research is urgently needed (Reich 2011).
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Nanotechnology products have an expanding economic impact. Obviously, nanoscale
engineering permits the creation of smaller devices. Other features of the nanoscale also
have practical implications. Once size decreases into the range of chemical and physical
phenomena, the fundamental properties of matter change. These fundamental properties
include melting point, color, and surface reactivity (Scholl, Koh, and Dionne 2012;
Volokitin et al. 1996). Therefore, control of size and shape in the nanoscale may allow the
tuning of these fundamental properties. In addition, as the size of an object decreases, the
surface area per unit mass increases. For applications dependent upon surface area, such as
chemical catalysts, nanotechnology can greatly improve efficiency (Cuenya 2010). Such
exciting properties are among the reasons that nanotechnology products are changing the
future of many industries. The overall economic impact of products of nanotechnology and
products enabled by nanotechnology is predicted to exceed 2 trillion dollars by 2015 (Lux
Research Inc. 2009). The Project on Emerging Nanotechnologies maintains an inventory of
consumer products, which indicates rapid expansion of nanotechnology consumer products
already on the market (Woodrow Wilson International Center for Scholars and the Pew
Charitable Trusts 2011).

The rapid growth in nanotechnology has major implications for toxicologic pathologists.
Toxicologic pathologists are important contributors to the multidisciplinary team that is
needed to assure the safe design of nanoscale products. This brief review will focus on three
features of nanoscale products with important implications for toxicologic pathologists: (1)
physical and chemical properties that change in nanoscale compounds, (2) biological
interactions affected by nanoscaling, and (3) augmented microscopic evaluation techniques
that facilitate the evaluation of morphologic changes induced by NPs. Additional
information on the toxicologic pathology of NPs is available in a recent review and a book
chapter (Hubbs et al. 2011; Hubbs et al. in press).

Physical and Chemical Properties That Change in Nanoscale Compounds

In the Nanoscale, Quantum Effects Predominate

As mentioned in the introduction, the physical and chemical properties of matter change in
the nanoscale. These changes involve quantum effects that are not studied during traditional
pathology training programs. In brief, as the size of a particulate approaches the nanoscale,
an increasing percentage of the atoms in the material are at the particle surface. At a critical
point, the fundamental properties of matter change (Kim et al. 2009; Scholl, Koh, and
Dionne 2012; Volokitin et al. 1996). The properties that change include basic properties
such a melting point and color but of greater importance to toxicologic pathologists are
changes in aerodynamic behavior, potential increases in the physical size of each molecular
component as the total number of molecular components decreases, an increase in the
fraction of molecules on the surface of the particle, and changes in surface reactivity
(Preining 1998; Roukes 2001; Scholl, Koh, and Dionne 2012; Volokitin et al. 1996).
Quantum phenomena relate to the ability to change properties in the nanoscale by changing
size and shape; but this also means that characterization of NPs is critical when reporting
toxicity data so that the features responsible for toxicity are identified (Boverhof and David
2010; Chen et al. 2012; Landsiedel et al. 2009; Maynard et al. 2011; Oberdorster 2010;
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Porter et al. 2010; Warheit 2008). Understanding the quantum phenomena of the nanoscale
is critical for understanding nanotoxicology and for the rational development of
nanotechnology.

Novel Chemistry and Reactive Surfaces Contribute to the Toxicity of Some NPs

The synthesis of Cgq (buckminsterfullerene, the buckyball), a symmetrical soccer ball-
shaped NP comprised solely of carbon, resulted in the 1996 Nobel Prize in chemistry (Curl,
Kroto, and Smalley 1997; Curl and Smalley 1988; Kroto 1997; Kroto et al. 1985; Smalley
1997). The discovery of Cgg was followed by synthesis of nanoscale tubes comprising
almost entirely carbon, although these carbon nanotubes generally had trace amounts of
metal catalysts used in their production (Ebbesen and Ajayan 1992; lijima 1991; Taylor and
Walton 1993). The carbon that made up the carbon nanotubes was arranged into hexagons
arranged in a sheet that formed a rolled tube in single-walled carbon nanotubes and multiple
tubes in multiwalled carbon nanotubes (MWCNTS). These new NPs had both single and
double bonds in the carbon rings but were not hydrocarbons since hydrogen was not a
component. While buckminsterfullerene was originally described as an aromatic compound,
most members of this new class of carbon compounds behaved like polyalkenes (Taylor and
Walton 1993). The presence of multiple double bonds on the surface of the carbon
nanotubes and Cgp meant that these compounds had a novel, reactive, and potentially
modifiable surface. Pathologists and toxicologists were largely uninvolved in early studies
of this new class of unsaturated polycyclic carbon compounds devoid of hydrogen.

The neurotoxicity of Cgg to the brains of fish and the pulmonary toxicity of single-walled
carbon nanotubes were described more than a decade after the initial discovery of these
novel carbon compounds (Oberdorster 2004; Shvedova et al. 2003, 2005). These early
publications in nanotoxicology involved carbon NPs with a novel and reactive surface as
described in the previous paragraph and were instrumental in the foundation of
nanotoxicology (Kipen and Laskin 2005; Oberdorster et al. 2005; Oberdorster, Oberdorster,
and Oberdorster 2005; Service 2004). The decreased toxicity of polystyrene-coated and
acid-oxidized MWCNTSs is consistent with the hypothesis that the reactive surface
contributes to the toxicity of carbon nanotubes (Jain et al. 2011; Tabet et al. 2011).
However, these modifications also change particle dimensions. Nevertheless, the importance
of surface reactivity to nanotoxicity is supported by studies of ultrafine atmospheric and
occupational particulates. Ultrafine particulates are not intentionally engineered from the
atom up but do include particulates in the nanoscale. The existing data on the toxicity of
ultrafines provide an excellent foundation for understanding the toxicity of many nanoscale
particulates in the lung. The data from ultrafine particulates indicate that surface reactivity
of poorly soluble particulates contributes to their toxicity (Oberdorster 2000; Oberdorster,
Oberdorster, and Oberdorster 2005; Warheit et al. 2007; Warheit et al. 2006).

NPs Have Increased Surface Area per Unit Mass

As the particulate size decreases, the surface area per unit mass increases. When the toxicity
of a particulate is dependent upon the surface reactivity of the particle, as in many
particulates with low solubility, the pulmonary inflammatory response to particulate
exposure correlates with surface area (Monteiller et al. 2007; Oberdorster 1996; Tran et al.
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2000). This phenomenon can be attributed to an increase in the effective dose of the reactive
surface. This is most easily demonstrated by studies of agglomerated particle toxicity in the
lung. An agglomerate has an exposed surface area similar to a larger particulate of similar
total mass (Figure 2). When a respirable agglomerate of carbon black is dispersed into its
nanoscale components, the exposed surface area increases and the pulmonary toxicity is
enhanced when compared with the parent agglomerate (Shvedova et al. 2007). Similarly, the
toxicity of a number of nanoscale poorly soluble particulates is greater on a mass basis than
fine particulates of comparable chemical composition and surface reactivity (Dankovic,
Kuempel, and Wheeler 2007; Oberdorster 1996). In addition to an increased effective dose
of exposure to a reactive surface, the small size of NPs of low solubility and toxicity may be
particularly effective in escaping macrophage-mediated clearance, allowing migration to the
interstitial tissue in the lung (International Life Sciences Institute 2000; Sager and
Castranova 2009).

Unlike the situation with insoluble particulates, the dissolved dose of highly soluble
particulates is usually dependent upon the overall mass of the deposited particulates and
independent of the size of individual particulates. This is because the toxic dose is somewhat
analogous to the dose of a pharmacologic agent that is highly soluble and easily enters the
target tissue/tissues—the mass is the dose because the particle dissolves. However, the
dissolution rate in mass per unit time for particulates of moderate solubility is usually
enhanced by decreased particle size (Johnson 2012; Johnson and Swindell 1996; Ma,
Levard, et al. 2012). This property is important in the design of drugs, and it is important in
the toxicity of moderately soluble metals and mineral NPs. For these moderately soluble
NPs in dilute solution, dissolution rate for a given mass increases as the size decreases (Ma,
Levard, et al. 2012; Mudunkotuwa et al. 2012). Some, but not all, of the enhanced solubility
of NPs can be attributed to the increased surface area to mass ratio (Erbs, Gilbert, and Penn
2008; Mudunkotuwa et al. 2012; Wang and Flanagan 2002).

Biological Interactions Affected by Nanoscaling

NPs Can Pass through Biological Barriers

The ability of NPs to enter cells and pass through intercellular junctions also depends upon
the size of the particulate. The endothelial lining of lymphatic capillaries has been described
as discontinuous (Baluk et al. 2007), which may explain the ease with which the
intercellular barriers of the lymphatics can be penetrated and the ability of phagocytic cells
and large molecules to enter the lymphatic circulation. Importantly, lymphatic circulation is
very important in systemic redistribution of particulates (Harmsen et al. 1987, 1985; Porter
et al. 2010; Riviere 2009). Within the lymph node, particulates have intimate access to the
immune system. Particulates that pass through filtering in the lymph nodes may
subsequently enter the vasculature via the thoracic duct and possibly through additional
lymphovenous communications (Fanous, Phillips, and Windsor 2007).

NPs have more rapid access to the lymphatics than do fine particulates. For micron-sized
particulates deposited within the lung, lymph node translocation depends upon phagocytosis
by macrophages and neutrophils that migrate to the lung-associated lymph nodes (Figure 3;
Harmsen et al. 1987, 1985). Recent studies suggest that intracellular transport is not required
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for pulmonary migration of NPs with diameters less than approximately 34 nm (Choi et al.
2010; Kreyling et al. 2009). These small NPs translocate from the alveolar surface to the
interstitium and then to the draining lymph node followed by appearance in the vasculature
(Choi et al. 2010). This rapid translocation to the lymphatics is charge dependent and
cationic NPs are excluded (Choi et al. 2010). While the NP lymphatic transport is obvious,
the consequences of this transport are not fully understood. It remains to be determined
whether their interaction with these microvascular tissues influences their normal function as
it does with arterioles and venules. Lymphatic pumping, lymphatic contracture, and
direction of lymphatic flow are all functions that could be influenced by NP interactions
(Davis, Davis, Ku et al. 2009; Davis, Davis, Lane et al. 2009; Porter et al. 2010). Given the
lymphatic contribution to volume and pressure homeostasis as well as particulate clearance
from tissues and potential delivery to the vasculature, the consequences of NP lymphatic
transport should be explored.

Once in the systemic circulation, NPs may interact with the blood-brain barrier (BBB) or
further translocate to specific neuronal or glial cells and potentially elicit a series of
intracellular events leading to disruption of neuronal function. The BBB is formed by brain
microvessel endothelial cells together with adjacent processes from astroglial cells. The
BBB exhibits morphological features like tight junctions between endothelial cells, lack of
fenestrations, and reduced pinocytic activity, which restrict the transfer of substances from
the blood into the extracellular compartment of the brain (Kniesel and Wolburg 2000). The
tight junctions in the BBB have a gap of only 4 to 6 nm and exert significant trans-
endothelial electrical resistance to brain microvessel endothelial cells and thereby impede
the penetration of substances such as oligonucleotides, antibodies, peptides, and proteins (Lo
et al. 2001). Similar mechanisms may apply for translocation of NPs. Thus, NP translocation
to the brain may occur through the endothelial cell membrane rather than via
interendothelial junctions. An important factor that governs the penetration of the BBB by
NPs is their electrostatic charge. Cationic charged molecules can potentially occupy anionic
regions of the endothelium and increase endothelial cell permeability (Hardebo and
Kahrstrom 1985; Nagy and Huttner 1983). Indeed, it has been shown that cationic NPs
translocate more readily to the brain compared with anionic or neutral NPs (Fenart et al.
1999). NPs may also gain access to the brain by circumventing the BBB. Areas of the brain
that are devoid of BBB, such as the area postrema and the posterior pituitary, can potentially
serve as portals for the translocation of NPs.

NPs can also circumvent the BBB and enter the brain from the peripheral nervous system
and the olfactory neurons. Neurons can transport NPs. Retrograde axonal transport of NPs is
the basis for the commonly used technique of labeling ganglia of sensory nerves by
instillation of nanoscale fluorescent beads into the nose or the trachea (Hunter and Dey
1998; Wu et al. 2008). NPs can also be transported in an anterograde or a perineuronal
manner (Oberdorster, Elder, and Rinderknecht 2009). Since the olfactory nerves that extend
to the lumen of the nose have axons that cross the cribriform plate and then synapse in the
olfactory bulb of the brain, anterograde transport of NPs by olfactory nerves appears to be a
particularly important pathway by which NPs or the components of their dissolution may
gain access to the brain (Arvidson 1994; Dorman et al. 2002; Liu et al. 2012; Lucchini et al.
2011; Oberdorster et al. 2004; Tjalve and Henriksson 1999; Wang, Wang et al. 2011).
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Neuronal pathways can potentially be used for the delivery of nanopharmaceuticals as an
intended part of therapy. These pathways can also provide unintended brain access after
environmental and occupational exposures. Importantly, neurons are highly susceptible to
oxidant-induced injury (Amicarelli et al. 2003; Hubbs et al. 2007). Since the distribution and
regulation of many xenobiotic metabolizing systems is different in the brain than in other
tissues (Haining and Nichols-Haining 2007; Meyer et al. 2007; Miksys and Tyndale 2004),
an important consideration for nanopharmaceuticals is whether or not the brain will be able
to metabolize xenobiotics delivered as NPs.

The respiratory tract is just one of the routes of potential NP exposure. Pathways for
systemic absorption and distribution of orally administered NPs are not fully elucidated.
However, a few recent studies have identified greater absorption of NPs than micron-sized
particles of comparable toxicity following oral administration. This should be important
since NPs are present in food. For example, amorphous silica NPs are present in food
additives and nanoemulsions are increasingly used in the food industry (Dekkers et al. 2011,
McClements and Rao 2011; Peters et al. 2012). In theory, NPs can be absorbed from the
intestine using endocytic pathways or intercellular junctions in M-cells, enterocytes, and/or
endothelial cells (Card et al. 2011). The lymphatic capillaries of the intestinal villi are the
lacteals that play a role in lipid uptake and are a route for transport of particles from the
gastrointestinal tract (Dixon 2010; Hussain, Jaitley, and Florence 2001). For nonionic and
carboxylated polystyrene spheres in a size range from 100 nm to 3 microns, the lymphatic
transport route appears to be important, since these particulates principally accumulate in the
villi, mucosa-associated lymphoid tissue, lymph nodes, spleen, and liver after gavage
administration (Jani et al. 1989). For polystyrene spheres in the size range from 50 to 1000
nm, gastrointestinal uptake increases with decreasing particle size and reaches 34% for the
50 nm NPs (Jani et al. 1989, 1990). Microparticle and NP carrier systems for delivery of
orally administered pharmaceuticals have recently been reviewed (Hunter et al. 2012). A
recent review on the safety of NPs in food concluded that existing studies are insufficient for
adequate risk characterization (Card et al. 2011).

A few studies suggest that oral NP exposure can have effects that extend beyond the
gastrointestinal tract. Orally administered, water-miscible 14C-fullerene (C60) has been
shown to penetrate the BBB (YYamago et al. 1995). We have recently found that gastric NP
exposure results in arteriolar dysfunction that is specific to the NP. In rats gavaged with 600
ug of nano CeO, or MWCNT, coronary endothelium-dependent arteriolar dilation was
impaired only in the MWCNT group (Nurkiewicz et al. 2012). The explanation for this
differential NP effect may be due to a variety of mechanisms ranging from gastric damage,
intestinal interactions or uptake, lymphatic mobility or translocation, or inherent NP
characteristics, and these are currently under study.

In addition to respiratory and oral exposures, nanotechnology products are being
administered parenterally in nanomedicine. In addition, the skin can be exposed to NPs in
commercial products, nanomedicines, or through environmental or occupational exposures
(Maynard et al. 2004; Teow et al. 2011). The interactions between the skin and inorganic
NPs have been reviewed recently (Labouta and Schneider, 2013).
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Understanding how NPs gain access to new tissues and subcellular compartments is
important for understanding nanotoxicology in general. One means for reaching some tissue
targets is avoiding phagocytosis. Avoiding recognition by phagocytic cells may prolong the
circulation time of nanopharmaceutics until specific targets are reached. Techniques
intended to reduce scavenging of NPs are known as stealth technology and can be part of
nanopharmaceutical design (Cavadas, Gonzalez-Fernandez, and Franco 2011). The most
frequent stealth technology is the use of poly(ethylene glycol) coating and additional stealth
technologies are being developed (Knop et al. 2010; Nystrom and Wooley 2011).

NPs can use intracellular pathways that cannot be used by larger particles. Internalization of
extracellular material by cells occurs by the general process known as endocytosis, which
includes phagocytosis and pinocytosis. Phagocytic cells serve as particle scavengers but a
relatively small percentage of cells are phagocytic. However, all cell types use endocytic
pathways. Micron-sized particles are largely excluded by the size of the endocytic vesicles
of three important endocytic pathways: (1) caveolin-mediated endocytosis, (2) clathrin-
mediated endocytosis, and (3) clathrin-independent and caveolin-independent endocytosis
(Conner and Schmid 2003). In addition, unlike the situation in phagocytosis, endolysosomal
degradation is only one potential fate for material that is internalized by these three
pathways (Cullen and Korswagen 2012; Steinberg et al. 2012). Not surprisingly, endocytic
pathways contribute to the toxicity of many NPs (Singh et al. 2010; Xia et al. 2008; Zhang et
al. 2009).

An understanding of endocytic pathways leading to internalization of NPs is critical to
understanding nanopharmaceutical design as well as nanotoxicology. For example, caveolin-
mediated endocytosis may facilitate NP transport into the cell, within the cell, and then
exocytosis back out of the cell, a process that is sometimes known as transcytosis. Because
such transcytosis pathways are capable of transporting NPs across cells, caveolin-mediated
NP transport may be a means for traversing the BBB to directly access the brain (Gibbs-
Flournoy et al. 2011; Kreuter 2013; Wagner et al. 2012; Wohlfart, Gelperina, and Kreuter
2012). Additional endocytic pathways can also be used for traversing the BBB (Bhaskar et
al. 2010; Wagner et al. 2012). Within cells throughout the body, endocytic pathways can
provide access to specific intracellular targets, for example, targeting the nucleus for gene
therapy without viral vectors (Perez-Martinez et al. 2011; Zhang et al. 2011). The endocytic
pathways are particularly useful for the intracellular delivery of nanopharmaceuticals
because they can sometimes be selectively targeted (Canton and Battaglia 2012; Chen et al.
2008; Chen et al. 2011; Perez-Martinez et al. 2011; Vinogradov and Wei 2012; Wang,
Byrne et al. 2011; Wang et al. 2006). To be effective in NP delivery to an intended
intracellular or extracellular target, the NP must also be successfully released from the
endocytic network (Chen et al. 2011; Martinez-Fong et al. 2012; Massignani et al. 2010;
Sonawane, Szoka, and Verkman 2003; Vercauteren et al. 2012). For therapeutic NPs, the NP
should be released prior to fusion of the endosome with the lysosome. This is because the
lysosome may degrade the therapeutic agent or, if NP release involves lysosomal membrane
permeability, release of the lysosomal enzymes may cause cell death. Thus, understanding
the role of endocytic pathways in NP toxicology is central to understanding nanotoxicology
and nanomedicine. The endocytic networks are often highly regulated and organized
intracellular systems that are an area of intense research and the subject of several recent
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reviews (Abbey et al. 1999; Canton and Battaglia 2012; Conner and Schmid 2003;
Martinez-Fong et al. 2012; McMahon and Boucrot 2011; Vercauteren et al. 2012;
Vinogradov and Wei 2012; Wang, Tiruppathi et al. 2011).

Some NPs have a much greater length than width, a feature known as a high aspect ratio.
With some high aspect particulates, phagocytic cells may only partially internalize the
particulate. This can lead to the release of lysosomal constituents into a phagolysosome that
retains an opening to the extracellular milieu. This process, known as incomplete or
frustrated phagocytosis, is believed to contribute to the toxicity of durable fibers (Donaldson
et al. 2010; Kamp et al. 1992). Incomplete phagocytosis may explain the observed
correlation between asbestos fiber dimensions and carcinogenicity (Stanton et al. 1981;
Stanton and Layard 1978; Stanton et al. 1977). In addition, recent studies suggest that
incomplete endocytosis may not be a process that is limited to phagocytosis. Endocytosis of
nanotubes with curved tips proceeds irrespective of the length of the particulate, while high
aspect ratio elliptical particles often undergo only partial membrane wrapping, with each of
these defective endocytic processes causing incomplete endocytosis (Decuzzi and Ferrari
2008; Shi et al. 2011). Other recent studies suggest that MWCNTS, a form of high aspect
ratio NPs, may directly penetrate cytoplasmic and nuclear membranes without an enclosing
membrane (Cheng et al. 2009; Lacerda et al. 2012; Mercer et al. 2010; Nagai et al. 2011,
Porter et al. 2010). This suggests a process that is distinct from phagocytosis and
nonphagocytic endocytosis (Hubbs et al. 2011; Nagai et al. 2011). Alternatively, NPs may
penetrate the phagocytic or the endocytic vacuole itself after internalization or may be
released from the enclosing membrane due to an ionization state incompatible with the
membrane (Nemmar et al. 2003; Xia et al. 2008).

Endocytic pathways and stealth technologies can potentially be used to give drugs access to
intended targets such as subcellular organelles and difficult to reach target tissues, such as
the brain or tumors. However, once these targets are reached, toxicity needs to be avoided
and those toxic effects may be different from those in other sites. Successful degradation is
important for all components of nanopharmaceuticals as well as for occupational or
environmental NPs. All components of the NP, including any stealth and/or triggering
components, need to be successfully detoxified if side-effects are to be minimized as has
been demonstrated in recent studies of occupational and environmental NPs. Failure to
degrade the NPs, resulting from occupational or environmental exposures, plays a critical
role in chronic toxicity of these agents in the lung (Roller 2009). In addition, oxidative stress
and inflammation play a critical role in the toxicity of inhaled NPs (Nurkiewicz et al. 2011).

While nanotoxicology studies have largely focused on the inhalation exposure route, the
paucity of data on other exposure routes does not mean these routes are safe—these need to
be studied. For example, unintended damage to the brain has been described after NP
exposure through a variety of exposure routes, although neuronal transport after inhalation
appears to be the most effective route for brain exposure (Calderon-Garciduenas et al. 2008;
De Jong et al. 2008; Lasagna-Reeves et al. 2010; Oberdorster, Elder, and Rinderknecht
2009; Rahman et al. 2009). Intentional targeting of pathways that traverse the BBB should
enhance exposure of the brain by parenteral or gastrointestinal exposure. Brain exposure is
critical to some therapies, as in treatment of neurodegenerative disorders, but can be a
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concern because the central nervous system can have distinctive responses to cytotoxic
particles. These responses include neuronal susceptibility to oxidative stress injury
(Amicarelli et al. 2003); variation among neuronal populations in their susceptibility to
oxidative stress injury (Hubbs et al. 2007; Surmeier et al. 2011); and the distinctive cell
type-specific xenobiotic metabolizing capabilities within the central nervous system (Dutheil
et al. 2009, 2010; Haining and Nichols-Haining 2007; Miksys and Tyndale 2004). In short,
stealth technologies and harnessing of endocytic pathways are important for intentional
selective targeting by NPs; but once the target is reached, the NP needs to be eliminated
without extensive injury to essential cell populations.

Thus, NPs can potentially enter cells that are not phagocytic and within those cells may
access subcellular compartments inaccessible to micron-sized particles. Some NPs may
enter previously unreachable target tissue such as the brain through endocytic pathways, by
avoiding phagocytosis, or through a combination of both. Some NPs may enter cells through
diffusion or through unique energy-independent entry mechanisms. As a consequence, some
NPs and fine particulates of comparable chemical composition may differ in their target
cells, cytotoxic effects, and potency.

Nanosizing May Permit Interaction with Subcellular Structures

Many normal cellular structures are comparable in size to NPs. The similarity in size and
shape can facilitate interactions between subcellular structures and NPs. For example, DNA
complexes with carbon nanotubes in acellular conditions (Zhao et al. 2006; Zheng et al.
2003).

The histopathologic evaluation of an early single-walled carbon nanotube inhalation study
included an observation of single-walled carbon nanotubes apparently interacting with
chromatin in an abnormal mitotic figure (Shvedova et al. 2008). Subsequent investigations
demonstrated interactions between single-walled carbon nanotubes and chromatin as well as
with the centrosomes and microtubules of the mitotic spindles (Sargent, Hubbs et al. 2012;
Sargent et al. 2009). Single-walled carbon nanotube exposure caused a significant disruption
of the mitotic spindle apparatus that was predominantly multipolar (Sargent, Hubbs et al.
2012; Sargent et al. 2009). The three-dimensional reconstructed images of exposed cells
were truly remarkable (Figure 4). Using an exposure calculated to represent the exposure
dose per cell surface received by a worker exposed at the Permissible Exposure Limit for
particles not otherwise specified, an exposure to 0.024 pg/cm? single-walled carbon
nanotubes, the aneuploidy rate was 35 + 11% in normal primary human respiratory
epithelial cells.

As with single-walled carbon nanotubes, thin MWCNTS can interact with microtubules and
cause abnormalities of the mitotic spindles (Rodriguez-Fernandez et al. 2012; Sargent,
Reynolds et al. 2012). However, the abnormal mitotic spindles produced by thinnest
MWCNTSs were largely multipolar spindles while abnormal spindles produced by thicker
MWCNTSs were largely monopolar (Rodriguez-Fernandez et al. 2012; Sargent, Reynolds et
al. 2012). Multipolar mitotic spindles were also observed in HeLa cells exposed to heparin-
coated, 10 nm, iron oxide NPs (Villanueva et al. 2009). Micronuclei have been seen in
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studies with a variety of NPs, but not all NPs interact with microtubules (Gonzalez,
Decordier, and Kirsch-Volders 2010).

The structural similarity between single-walled carbon nanotubes and microtubules and their
apparent interaction may contribute to the remarkable aneuploidy observed in exposed cells
(Sargent et al. 2009). In addition to playing a critical role in mitosis, microtubules are also
important cytoskeletal components with a variety of dynamic functions. Indeed, the 25 nm
diameter of microtubules and the presence of sites known to interact with metals suggests
the potential for interaction with many NPs (Gonzalez, Decordier, and Kirsch-Volders
2010). In vitro exposure to a high concentration (50 pug/ml) of iron oxide NPs can disrupt the
normal structural microtubular network and increase the concentration of acetylated a-
tubulin in human microvascular endothelial cells (Apopa et al. 2009). Single-walled carbon
nanotubes have been observed in the midbody (Mangum et al. 2006; Sargent et al. 2009), a
transient furrow composed of actin and tubulin filaments, which separates daughter cells
(Straight and Field 2000). Actin filaments are ~7 nm in diameter and, like microtubules,
actin filaments may interact with single-walled carbon nanotubes with resulting changes in
cell structure and function (Holt et al. 2010). As with many features of NPs, interactions
with subcellular structures should be understood to control toxicity and fully harness their
commercial potential.

Microscopic Evaluation of Nanotoxicology Studies: Important

Considerations

An important component of most in vivo nanotoxicology studies is a standard toxicologic
histopathology evaluation (Crissman et al. 2004). Additional procedures may assist in
finding the NPs in the initial sites of entry, in finding the NPs in sites of redistribution, in
identifying cytopathologic changes, and in identifying damage to tissues that are routes of
NP translocation including lymphatics, the vasculature, and nerves.

Sufficient magnification is important because at least one NP dimension will be less than
100 nm. Similarly, the depth of focus using a 100x objective is roughly 200 nm or 1/25th of
a 5 p section. In short, a pathologist who evaluates an entire section for NPs using a 100x
objective and a single focal plane has evaluated roughly 4% of the potential information
present in the section. At lower magnifications, important cytopathologic changes may be
missed and at high magnification, multiple focal planes are needed. The histopathology
findings may, therefore, depend in part upon what portions of the section were evaluated at
high magnification and what procedures were used to augment the demonstration of NPs or
NP-associated morphologic changes.

Several procedures can be used to augment the histopathologic evaluation of NP-associated
changes. At sufficient magnification, many NPs can be demonstrated in tissue either because
they block light or have a crystalline structure (Hubbs et al. 2011). In standard hematoxylin
and eosin (H&E) sections, NPs that block light appear as black structures (Figure 5). A
recent procedure, enhanced dark-field imaging, uses a focused light source that enters the
section at an angle to produce a very high-resolution image (Vainrub, Pustovyy, and
Vodyanoy 2006). Crystalline material in the section will deflect the light so that the
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crystalline structures appear as bright objects within the high-resolution dark-field image
(Figure 6). Because many NPs have a crystalline composition, this enhances their detection
within tissue sections (Ma, Mercer et al. 2012; McKinney et al. 2012; Mercer et al. 2011;
Vainrub, Pustovyy, and Vodyanoy 2006; Weinkauf and Brehm-Stecher 2009). Enhanced
dark-field imaging can be used in sections stained with standard histology stains including
H&E, provided the slides are free of crystalline contaminants.

Immunofluorescence staining can use antibodies which are directed to proteins that are
specifically expressed on certain cells or subcellular structures. This can be used to
demonstrate intracellular structures and thin cells that are not easily identified in standard
H&E sections. For example, podoplanin is predominantly expressed in lymphatic
endothelium (Schacht et al. 2003). Dual-label immunofluorescence for podoplanin and e-
cadherin can, thus, be used to localize the pulmonary lymphatics (Battelli et al. 2011; Porter
et al. 2010). If the same section is then illuminated with transmitted light, carbon nanotubes
can be demonstrated within the merged image (Figure 7). The demonstration of lymphatics
can be critical since some NPs are widely distributed in the lymphatics and the lymphatics
are not easily demonstrated in H&E stained sections (Choi et al. 2010; Porter et al. 2010;
Riviere 2009). In addition, fluorescence microscopy can be used for visualizing NPs in cells
from animals that have been genetically engineered to express fluorescent tagged proteins
(Hadjantonakis and Nagy 2001). Laser confocal microscopy allows serial optical sectioning
and three-dimensional reconstruction of immunofluorescent images. The confocal
microscope can also demonstrate NPs using fluorescent, reflective, or transmitted light,
depending upon the features of the NP. For example, fluorescent NPs such as quantum dots
can be imaged in the fluorescent microscope, while MWCNTS can be demonstrated using
either transmitted light or reflected light (Gibbs-Flournoy et al. 2011; Porter et al. 2010).
These features allow the localization of NPs within cells or even within nuclei (Porter et al.
2012; Figure 8).

Transmission electron microscopy can provide useful information on intracellular
localization of NPs. However, the small number of cells sampled, the narrow depth of field
of transmission electron microscopy, and morphologic similarities between some NPs and
normal biological structures can create enormous technical challenges for visualizing NPs
using transmission electron microscopy. Importantly, the response to NP exposure can
sometimes include inflammation and fibrosis (Mercer et al. 2011; Shvedova et al. 2005).
Collagen fibers and granules of inflammatory cells must be distinguished from the NPs
themselves, although both may be increased by exposure. Labeling of the NPs is extremely
useful to assist in the unequivocal demonstration of NPs and clear identification of their
ultrastructural appearance (Hubbs et al. 2011; Mercer et al. 2008). However, surface
modification has recently been demonstrated to alter the toxicity of some NPs. Specifically,
the addition of surface functional groups not only alters the functionality and reactivity of
the surface, but additions can also alter the stability and dispersibility of NPs. For example,
recent studies have shown that modification of the surface of a carbon nanotube does in fact
decrease the bioactivity and in turn the toxicity of the carbon nanotube (Kim et al. 2010;
Sager et al. 2012; Tabet et al. 2011). This suggests a limitation to the use of some labels.
The technical difficulties of electron microscopy are accentuated at occupationally or
environmentally relevant exposure concentrations because far fewer NPs are present within
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each cell and far fewer exposed cells are present in exposed tissues. Nevertheless,
transmission electron microscopy can be extremely useful to detect cytopathology in cells
that accumulate NPs, such as in macrophages responding to NPs that are phagocytized
(Mercer et al. 2008). A caveat is that NPs enter many different cell types, not just phagocytic
cells, as noted in the previous section of this review. This suggests that transmission electron
microscopy can be most useful as part of a series of microscopic tools, rather than as the
primary imaging tool in evaluating histopathologic changes in nanotoxicology studies.

Traditional scanning electron microscopy has insufficient resolution for most studies in the
nanoscale. Field-emission scanning electron microscopy produces higher-resolution images
than conventional scanning electron microscopy (Allen et al. 2008; Mercer et al. 2010;
Pawley 1997). These field-emission scanning electron microscopy images provide excellent
three-dimensional images of nanoscale materials within biological specimens. Additional
recent imaging techniques for localizing NPs in tissue include coherent anti-Stokes Raman
scattering microscopy, two-photon fluorescence microscopy, second harmonic generation
microscopy, and combinations of these new techniques (Garrett et al. 2012).

In addition to the techniques for visualizing NPs in fixed tissue, several techniques can
demonstrate NPs in vivo. Intravital fluorescence microscopy is an invasive technique that
provides high-resolution in vivo fluorescence imaging of dynamic processes (Kuebler 2011;
Pittet and Weissleder 2011). In studies of nanotechnology products, intravital fluorescence
microscopy can visualize fluorescent tracers and fluorescent nanoparticles to directly
document targeted organs and track dynamic changes in cells and tissues (Cheng et al. 2012;
Nurkiewicz et al. 2009, 2011; Oh et al. 2007; Smith et al. 2010). A more sensitive in vitro
technique is isolated, pressurized, and perfused microvessels. This approach isolates
arterioles from any organ of interest, and in conjunction with bright-field or fluorescence
microscopy, NP effects can be measured in terms of functional or biochemical outcomes
(LeBlanc et al. 2009; LeBlanc et al. 2010). Near-infrared imaging is a form of in vivo
fluorescence imaging that relies upon the low autofluorescence of living tissue at
wavelengths greater than 750 nm (Rasmussen et al. 2009). Dyes or NPs that are excited at
wavelengths greater than 750 nm can be imaged within tissue to provide data on in vivo
distribution (le Masne de Chermont et al. 2007; Sevick-Muraca 2012). An existing dye that
is approved for human use, indocyanine green, has been used off-label in human clinical
near-infrared lymphangiography studies (Rasmussen et al. 2012; Rasmussen et al. 2009).
Near-infrared in vivo imaging of NPs is also a technique used to study the tissue distribution
of NPs after oral, parenteral, or inhalation exposure of laboratory animals (Choi et al. 2010;
le Masne de Chermont et al. 2007; Lee et al. 2012). Some nanopharmaceuticals are actually
designed for both imaging and therapeutic functions, which facilitate in vivo imaging using a
variety of conventional imaging techniques (Chen, Gambhir, and Cheon 2011; Ng, Lovell,
and Zheng 2011; Nystrom and Wooley 2011). Additional information on in vivo imaging of
NPs is available in a recent review (Roller et al. 2011). Recent developments in the general
field of small animal imaging can contribute to in vivo imaging during nanotoxicology
studies and have also been reviewed recently (Kagadis et al. 2010; Koba et al. 2011,
Loudos, Kagadis, and Psimadas 2011; Rowland and Cherry 2008; Wang and Hu 2012;
Wessels et al. 2010).
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Conclusions

The biological behavior of NPs is often fundamentally different than the biological behavior
of larger particulates. In particular, there is a net difference in the expected location.
Translocation between tissues is generally increased. The diversity of cells and tissues
exposed is often greater than would be expected from exposure to larger particulates.
Extracellular transport is more frequent than with larger particulates yet less well
understood. Many NPs tend to circulate within the lymphatics, a feature which also
distinguishes NPs from traditional pharmaceuticals. This too is poorly understood, and
additional studies will be needed to identify the influence of NPs on lymphatic function.
Finally, NPs can utilize intracellular transport methods that exclude larger particulates.

For pathologists, high-magnification and augmented microscopic imaging procedures are
labor intensive but important for evaluating nanotechnology products. In addition, target
tissues of particular importance for some nanotechnology products include the lymphatics
and the central nervous system, tissues where subtle changes often require detailed
evaluation. However, the ability to circulate in lymphatics and to potentially enter the central
nervous system is not just a challenge for the pathologist; it is part of the excitement of
nanomedicine. By intentionally targeting the central nervous system or lymphatics, some of
the new nanoscale pharmaceuticals may be particularly useful for treating neurodegenerative
conditions and metastatic carcinomas. In addition, engineered NPs can potentially be
designed to answer some of the most important hypotheses in particle toxicology.
Understanding the features that make some nanotechnology products hazardous and others
much safer will allow the design of the nanotechnology products of the future.
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Figure 1.
A few examples of environmental and occupational nanoparticulates (NPs). A, Diesel

exhaust NPs. Bar is 40 nm. B, Cerium oxide NPs. Bar is 50 nm. C, Multiwalled carbon
nanotubes. Bar is 200 nm.
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Figure2.
The surface area of a micron-sized particulate, such as the one on the left, may be similar to

the exposed surface area of an agglomerate of nanoparticulates (NPs) with comparable mass,
such as the agglomerate in the middle. On the other hand, a dispersed group of NPs, such as
those on the right, will have a much greater exposed surface area.

Toxicol Pathol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hubbs et al. Page 27

' S B
¢ i ' Lymphatic
/ | B

] Macrophage \
>~
(0 ‘Neutrophil )
- P

Figure3.
Drawing of the bronchioloalveolar junction illustrating pathways for particulates leaving the

lung. Mucociliary clearance (solid arrow) is a pathway that can be used by nanoparticulates
(NPs) and larger particulates. Lymphatic translocation (dashed arrows) is a pathway that
removes particulates from the lung but redistributes them with the major redistribution site
being the draining lymph nodes. Micron-sized particulates reach the lymphatics
intracellularly after phagocytosis by macrophages and neutrophils. The smallest of NPs can
enter the lymphatics without phagocytosis and can potentially pass through the lymph nodes
to enter the vasculature.
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Figure4.
Three-dimensional reconstruction of a dividing BEAS-2B cell containing single-walled

carbon nanotubes. In the upper panel, the black single-walled carbon nanotubes are present
in the cytoplasm and are associated with the microtubules (red), the DNA (blue), and the
centrosomes (green). The cell should contain two centrosomes but at least four are clearly
present in the upper panel. The DNA is organizing into three bundles instead of two. The
lower panel (B) is an enlarged image showing the interaction between single-walled carbon
nanotubes with the centrosome, microtubules, and DNA. Reprinted with permission from
Sargent, Hubbs et al. 2012.
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Figureb5.
Multiwalled carbon nanotubes in an alveolar macrophage (solid arrow) or in the interstitium

(dashed arrow) in a standard hematoxylin and eosin (H&E)-stained microscopic section can
be observed at high magnification because they block transmitted light. However, thin
multiwalled carbon nanotubes block less light than thicker multiwalled carbon nanotubes
and detection can be challenging. Bar is 20 um.
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Figure®6.
Titanium dioxide nanoparticles (arrows) from a commercial spray can easily be seen as

bright objects in macrophages and the interstitium using enhanced dark-field imaging
(McKinney et al. 2012). Bar is 20 um.
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Figure7.
Indirect immunofluorescence staining for podoplanin (red) allows the demonstration of a

peribronchiolar lymphatic while indirect immunofluorescence staining for e-cadherin
(green) and direct staining of nuclear material with DAPI help visualize adjacent structures.
By adding low level transmitted light, multiwalled carbon nanotubes can be seen within the
section just beneath the lymphatic endothelium as outlined in the square on the right side of
the image. The inset in the square on the left is an enlarged image that has been digitally
enhanced by adding pixels for image smoothing to assist in demonstrating the multiwalled
carbon nanotubes.
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Figure8.
This is a photomicrograph of an optical section of an alveolar macrophage in the lung of

mouse exposed to multiwalled carbon nanotubes by inhalation. The lung has been stained
using lamin B1 (green) to demonstrate the nuclear envelope and ethidium homodimer-1 to
stain nucleic acids. Confocal microscopy and serial optical sectioning allowed clear
demonstration of nuclear penetration. Bar = 2 um. Reprinted with permission from Porter et
al. 2012.
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